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Tokyo, JapanABSTRACT Collagenase H (ColH) from Clostridium histolyticum is a multimodular protein composed of a collagenase module
(activator and peptidase domains), two polycystic kidney disease-like domains, and a collagen-binding domain. The interdomain
conformation and its changes are very important for understanding the functions of ColH. In this study, small angle x-ray
scattering and limited proteolysis were employed to reveal the interdomain arrangement of ColH in solution. The ab initio beads
model indicated that ColH adopted a tapered shape with a swollen head. Under calcium-chelated conditions (with EGTA), the
overall structure was further elongated. The rigid body model indicated that the closed form of the collagenase module
was preferred in solution. The limited proteolysis demonstrated that the protease sensitivity of ColH was significantly increased
under the calcium-chelated conditions, and that the digestion mainly occurred in the domain linker regions. Fluorescence
measurements with a fluorescent dye were performed with the limited proteolysis products after separation. The results
indicated that the limited proteolysis products exhibited fluorescence similar to that of the full-length ColH. These findings
suggested that the conformation of full-length ColH in solution is the elongated form, and this form is calcium-dependently
maintained at the domain linker regions.INTRODUCTIONClostridial collagenases are multimodular proteins consist-
ing of three to five domains. The collagenases commonly
contain a collagenase module, which is composed of
activator and peptidase domains, at the N-terminal side
and a collagen-binding domain (CBD) at the C-terminal
end (1) (Fig. 1). Among the five collagenases, the collage-
nase from Clostridium histolyticum, ColH, has only one
CBD, whereas the collagenase from Clostridium botulinum,
ColB, possesses three CBDs. The other three collagenases,
ColG from C. histolyticum, ColA from Clostridium perfrin-
gens, and ColT from Clostridium tetani, include two CBDs.
Although ColT only consists of these two domain and
module types (collagenase module and CBD), the other
collagenases, except for ColH, include a polycystic kidney
disease (PKD)-like domain, which may be involved in
collagen recruitment (2). ColH includes two PKD-like
domains, PKD1 and PKD2 (Fig. 1).
Intensive structural analyses of the individual domains
of ColG and ColH have been conducted. The first crystal
structure was reported for the CBD of ColG (3). The CBD
structures were solved with calcium ions (holo form) and
without calcium ions (apo form). The crystal structure of
the collagenase module of ColG was recently determined
(4) and revealed that bacterial collagenolysis proceeds by
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0006-3495/13/04/1538/8 $2.00changes of the collagenase module, were suggested to
involve open and closed conformations. Although a struc-
tural analysis was performed for the region from Tyr-119
to Gly-790, containing the collagenase module and the
PKD-like domain, the position of the PKD-like domain
was not exactly located in the crystal structure (4). The
structure of the PKD-like domain was determined and
discussed by the same group in a subsequent report (2). In
addition to these structures, the crystal structures of the
CBD of ColH have been deposited in the Protein Data
Bank (PDB-IDs: 3JQW and 3JQX) (5). The sequence
identities among the individual domains of ColH and
ColG were calculated using ClustalW (6). The results
showed that they are well conserved: 48% for the collage-
nase modules; 40–50% for the PKD-like domains; and
29–34% for the CBDs.
Calcium ions play a critical role in the enhancement of
the interactions between collagens and collagenases (7,8).
Furthermore, the binding mode of the CBD to the collagen
triple-helix was proposed, based on NMR titration and small
angle x-ray scattering (SAXS) studies (3,9). Ca2þ ion
binding to collagenases contributes to the interactions with
collagen and the stability of the CBD (3,10). In addition,
Ca2þ ions reportedly play very important roles in the inter-
domain flexibility and thermal stability of full-length ColH,
and are reversibly regulated (11).
The molecular mechanisms of the individual domains
of collagenases have been investigated, in terms of both
their structures and functions. However, the structure ofhttp://dx.doi.org/10.1016/j.bpj.2013.02.022
FIGURE 1 Domain architectures of clostridial collagenases. The five
collagenases are ColH and ColG of C. histolyticum, ColA of
C. perfringens, ColT of C. tetani, and ColB of C. botulinum. The domain
notations are Act, activator domain; Pet, peptidase domain; PKD, poly-
cystic kidney disease-like domain; CBD, collagen-binding domain.
Global Structural Changes of ColH 1539the collagenase molecule, as a multidomain protein, remains
poorly characterized. Here, we report the structural charac-
terization of full-length ColH in solution. For the structural
analysis of biological macromolecules in solution, SAXS is
an important and useful approach (12–15). The ab initio
beads model of ColH indicated that the overall conforma-
tion adopted a tapered form, with the longest dimension
of ~140 A˚. Under calcium-chelated conditions (with
EGTA), the structure was further elongated. A limited prote-
olysis analysis indicated that the sensitivity to the protease
was significantly increased under the calcium-chelated
conditions. Fluorescence measurements suggested that a
calcium-dependent conformational change occurred in the
collagenase module. To our knowledge, this is the first
investigation of the solution structure of full-length ColH
and its calcium-dependent conformational change.MATERIALS AND METHODS
Protein expression and purification
The protein sample was prepared as previously described (11). Briefly,
ColH was expressed in Escherichia coli strain BL21(DE3) as a secreted
form, and was subsequently purified using a Ni-NTA superflow (Qiagen,
Hilden, Germany) column. The eluted protein was then subjected to
MonoQ and Superdex 200 gel filtration chromatography (GE Healthcare,
Little Chalfont, United Kingdom). The peak fractions were pooled and
concentrated in 20 mM HEPES buffer (pH 8.0), containing 100 mM
NaCl and 1 mM CaCl2, to a final concentration of 11.0 mg/mL.SAXS measurements
SAXS data were collected using a BioSAXS-1000 system equipped with an
FR-Eþ rotating anode x-ray generator (Rigaku, Akishima, Japan). The
protein samples were prepared at concentrations of 1, 5, and 10 mg/mL
with a calcium-containing buffer, and 10 mg/mL with a buffer containing
2 mM EGTA. The wavelength, l, was 1.54189 A˚ (CuKa), and the
sample-detector distance was 500 mm, leading to scattering vectors, q,
that ranged from 0.009 to 0.65 A˚1 with q ¼ (4p/l) sinq, where 2q is the
scattering angle. The protein solutions or buffer (30 mL) were placed in
a quartz capillary with a diameter of 1.0 mm, and the exposure time was
15 min/frame. The total exposure times for the calcium-containing condi-
tions were 120 min for the 5 and 10 mg/mL solutions, and 240 min forthe 1 mg/mL solution. For the EGTA-containing conditions, the total expo-
sure times were 180, 240, and 360 min for the 10, 5, and 2 mg/mL solutions,
respectively. The scattering images were processed with SAXSLab
installed in the BioSAXS system (Rigaku), and the scattering intensities
from the buffer solution were subtracted with PRIMUS (16). The forward
scattering, I(0), and the radius of gyration, Rg, were estimated using the
Guinier approximation in the ATSAS program package (17). The P(r)
distributions were calculated from the scattering data for the 10 mg/mL
solution with GNOM (18), by applying perceptual criteria for the estima-
tion of Dmax.Ab initio and rigid body modeling
Ab initio modeling of the scattering envelopes was performed with
GASBOR (19). The calculated resolution range was 0.009< q< 0.60 A˚1.
Eight individual reconstructions were calculated and averaged using
DAMAVER (20). ColH domain models were prepared by SWISS-MODEL
(21), using the crystal structures of ColG (collagenase module: 2Y3U;
PKD-like domain: 3JS7) as the templates, except for the CBD. For the
model of the CBD, PDB-ID: 3JQW was used. The closed conformation
model for the collagenase module was manually built, as proposed in the
collagen processing model (4), before homology modeling by SWISS-
MODEL. Whole rigid body model construction was conducted for the
ab initio beads model under the conditions with calcium, using these
individual domain models. Before the BUNCH calculation, the domain
models were aligned sequentially from the collagenase module to the
CBD, with appropriate distances corresponding to the missing amino acids
in the domain linker regions. The final ColH model was constructed by
BUNCH (22) in the User mode with scattering data of q < 0.2, and was
corrected manually. During the BUNCH calculations, distance restraints
were used (2–3 A˚/missing amino acid in the initial models). The theoretical
scattering curve from the final model was calculated by CRYSOL (23). The
ColH model was fitted to the beads model by SUPCOMB (24).Limited proteolysis and electrospray ionization
mass spectrometry
A ColH solution (1 mg/mL) was prepared in 20 mM HEPES (pH 8.0),
100 mM NaCl, 1 mM CaCl2, in the presence or absence of 2 mM EGTA.
Limited proteolysis was performed with lysyl endopeptidase (Lys-C;
Sigma, St. Louis, MO) at an enzyme/substrate ratio of 1:200 (w/w) at
30C. In the time course experiments, Lys-C proteolysis was stopped at
0, 2, 6, 10, 20, and 30 min by the addition of phenylmethylsulfonyl fluoride
(final concentration, 1 mM). For the C-terminal fragment analysis, the ColH
solution was digested by Lys-C for 30 min at 30C as described previously,
and then treated with carboxypeptidase B (16 units/mL) for 10 min at 30C.
The partially hydrolyzed products were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The bands on
the SDS-PAGE gel were excised, placed in individual sample tubes, and
subjected to in-gel trypsin digestion for 20 h at 37C. The digested peptides
were loaded onto a 75-mm fused silica capillary column containing C18
resin. The peptides were eluted with an acetonitrile gradient (typically
2.5–40%) in 0.1% formic acid, and analyzed by an LTQ Orbitrap XL
mass spectrometer (Thermo Fisher Scientific, Waltham, MA).Size exclusion chromatography and fluorescence
measurements of the limited proteolysis products
AColH solution (11 mg/mL) with 2 mMEGTAwas hydrolyzed by Lys-C at
1:1,000 (w/w) at 30C for 60 min. The partially hydrolyzed products were
separated by size exclusion chromatography on a Superdex 200 column
(GE Healthcare). The buffer conditions were the same as those in the puri-
fication process. The fractions containing the protein corresponding to theBiophysical Journal 104(7) 1538–1545
1540 Ohbayashi et al.100-kDa band on the SDS-PAGE gel were pooled and reapplied to the
Superdex 200 column, to estimate the molecular mass under two different
buffer conditions (with and without 2 mM EGTA). To prepare the 80 kDa
band protein, a ColH solution was hydrolyzed as described previously,
although for 180 min. The hydrolyzed products were separated by ion-
exchange chromatography (ResourceQ, GE Healthcare) to purify the
80 kDa band protein. The fluorescence of both partially hydrolyzed
products (100 and 80 kDa band proteins) was measured using an F-2500
spectrofluorometer (Hitachi, Tokyo, Japan) at 25C. Fluorescence spectra
were measured with an excitation wavelength of 492 nm, with emission
from 500 to 650 nm. The excitation and emission bandwidths were both
set at 10 nm. The ColH samples were mixed with freshly diluted SYPRO
Orange (Invitrogen, Carlsbad, CA) (1:1000, v/v) under three different
conditions: 1), with intact buffer; 2), with 2 mM EGTA; and 3), with
additional 2 mM CaCl2 added after 2 mM EGTA. The measurements
were performed three times.RESULTS
Overall conformation of ColH
To evaluate the overall structure, ColH was subjected to
a SAXS analysis in the calcium-containing buffer (buffer-
Ca: 20 mM HEPES (pH 8.0), 100 mM NaCl, and 1 mM
CaCl2) and buffer-Ca with 2 mM EGTA (buffer-Ca/
EGTA: 20 mM HEPES (pH 8.0), 100 mM NaCl, 1 mM
CaCl2, and 2mM EGTA) (Fig. 2 a). The free Ca
2þ concen-
tration in the buffer-Ca/EGTA was estimated as 3.95 nM
(pCa 8.4) by CHELATOR (25). Protein aggregation com-
plicates the interpretation of scattering curves. The ratios
of the forward scattering intensity to the concentration
(I(0)/c) were comparable for the three concentrations
(1 (or 2), 5, and 10 mg/mL) with buffer-Ca and buffer-
Ca/EGTA (Table 1), suggesting that concentration or time-
dependent aggregation did not occur. The SAXS analysis
provides two important parameters for evaluating molecular
size in solution: the radius of gyration, Rg, as the mean
molecular size; and the maximal intermolecular dimension,
Dmax. The Guinier plots indicated that Rg was 37.9 A˚ in
buffer-Ca and 39.1 A˚ in buffer-Ca/EGTA (Fig. 2 b). The
P(r) distributions were estimated by an indirect Fourier
transformation of the intensity data (Fig. 2 c). The Dmaxa b
0 0.0005
FIGURE 2 SAXS experiments. (a) Scattering data of ColH. The plots were v
ColH. The triangles and squares indicate the plots in buffer-Ca and buffer-Ca/EG
distribution functions, P(r), for ColH in buffer-Ca (solid line) and buffer-Ca/EG
Biophysical Journal 104(7) 1538–1545values were calculated to be 138 A˚ in buffer-Ca and
184 A˚ in buffer-Ca/EGTA, from the P(r) profile of ColH.
Both SAXS parameters were increased by calcium chelation
with EGTA. The low resolution ab initio model building
was conducted using GASBOR (19). Fig. 3 a shows the
ab initio beads models in buffer-Ca and buffer-Ca/EGTA.
Under both buffer conditions, the overall shape of ColH
was an elongated form with a swollen head region that
tapered off toward the end. The longest dimension of
ColH was further extended by calcium chelation with
EGTA, as shown in the calculation of Dmax. The dimensions
of the swollen head regions were estimated to be ~90 
45 A˚ and 70  70 A˚ in buffer-Ca and buffer-Ca/EGTA,
respectively. On the other hand, the widths of the tapered
end were 20–30 A˚ under both conditions.Rigid body model construction fitted
to SAXS data
To construct the domain arrangement of ColH, the known
structures of the individual domains of clostridial collage-
nases were used. The rigid body model was built using
homology-modeled structures (collagenase module (acti-
vator and peptidase domains) and two PKD-like domains
of ColG) and the CBD of ColH. The crystal structure
of the ColG collagenase module is the open form (4).
However, the conformation of the open form did not fit
the beads model of ColH in buffer-Ca, because the width
of the open form of the collagenase module is ~115 A˚,
whereas that of the beads model is 90 A˚. The approximate
dimensions of the closed form of the collagenase domain
are 85  60 A˚, which fit the beads model dimensions
well (Fig. 4 a). Considering the two structural variations
of the collagenase module, the closed form of the collage-
nase module was adopted for modeling. The final rigid
body model fit well to the beads model in buffer-Ca
(Fig. 4 b). The modeled structure lacked structural infor-
mation for the domain linker regions. These regions were
Gly-721 to Ser-726 (between the peptidase domain andc
0.001 0.0015 0 50 100 150 200
ertically translated for clarity. (b) Guinier plot of a 10 mg/mL solution of
TA, respectively. The plots were vertically translated for clarity. (c) Distance
TA (dashed line).




analysis Indirect Fourier transformation
c, mg/ml Rg, A˚ Dmax, A˚ Rg, A˚ I(0) I(0)/c
(Buffer-Ca)
10 37.95 0.5 138 39.25 0.2 2.1645 0.01 0.216
5 37.25 0.8 138 39.55 0.4 1.1095 0.009 0.222
1 36.55 1.1 130 37.25 0.5 0.2035 0.003 0.203
(Buffer-Ca/EGTA)
10 39.15 0.1 184 41.45 0.3 1.9005 0.004 0.190
5 39.15 0.2 184 41.45 0.4 0.9545 0.003 0.191
2 39.85 0.4 184 44.85 0.5 0.4035 0.003 0.202
Global Structural Changes of ColH 1541the first PKD-like domain), Leu-811 to Lys-815 (between
the first PKD-like domain and the second PKD-like
domain), and Pro-901 to Val-902 (between the second
PKD-like domain and the CBD). The domain linker
regions were relatively short (see Fig. S1 in the Supporting
Material). Therefore, each domain was able to contact
the adjacent domain. Although the crystal structures of
the full-length clostridial collagenases have not been
solved, an entire model of ColG on collagen microfibrils
has been proposed (2,4). A comparison of these models
revealed the similarity between the overall structural
characteristics.
The beads model in buffer-Ca/EGTA was a further
elongated form. A conformational change induced by
calcium chelation has been reported for the CBD of
ColG (3,10) and full-length ColH (11). Superposition of
the rigid body model in buffer-Ca and the beads model
in buffer-Ca/EGTA revealed that an unfitted region existed
around the collagenase module and the CBD (Fig. 3 b),
suggesting its conformational change by the calcium
chelation.Cleavage sites in limited proteolysis
Limited proteolysis is a useful tool for detecting protein
flexibility (26). The sensitivity to protease digestion differs
significantly between folded regions and unfolded regions,
such as flexible loops. In this study, Lys-C was used as the
protease for the limited proteolysis analysis, because it is
specific for lysine residues, which are distributed throughout
the ColH sequence. This residue-specific protease has the
advantage of producing homogeneous ends in the digested
peptide fragments, and these homogeneous ends facilitate
subsequent analyses because of the reduced variation in
the fragments.
Protease digestion was hardly observed for ColH in
buffer-Ca. In contrast, ColH in buffer-Ca/EGTAwas rapidly
digested into three main bands, as evaluated by SDS-PAGE
(Fig. 5 a). To determine the cleavage sites, fragment anal-
yses by mass spectrometry were performed, by calculating
the ratio of the detected fragment number from the limited
proteolysis to the nondigested protein. The plot of the
ratio should be reduced to zero when the limited proteolysis
products do not include the N- and/or C-terminal regions.
The results revealed that the three main bands were frag-
ments digested at the C-terminal region. The evaluated
C-terminal ends were Lys-915, Lys-825, and Lys-724,
respectively (Fig. S2). In the second band, some additional
fragments were detected, with digestion positions at 872–
881. The limited proteolysis products treated with carboxy-
peptidase B provided a fragment without the C-terminal
lysine. Therefore, the fragment at the C-terminal end is
a semitryptic fragment. Such fragments were also detected
for the first and third bands on SDS-PAGE in Fig. 5 a, but
not for the second band (Fig. S1). Consequently, the sites
digested by Lys-C mainly correspond to the domain linker
regions between the second PKD-like domain and theFIGURE 3 Comparison of the two ab initio
beads models. (a) The beads models are repre-
sented in cyan for buffer-Ca and pink for buffer-
Ca/EGTA. (b) A superimposed model with the
beads models depicted in the same colors as in
panel (a).
Biophysical Journal 104(7) 1538–1545
FIGURE 4 Model fitting between the ab initio
beads model and the rigid body model. (a) Super-
imposed collagenase module conformations.
The two conformations are superimposed on the
peptidase domain. The activator domains of the
conformations are colored blue (solid) and green
(open). (b) Superimposition between the beads
model in buffer-Ca and the rigid body model.
(Upper left panel) The rigid body model is drawn
as a ribbon representation and colored blue (colla-
genase module), yellow (PKD-like domain 1),
magenta (PKD-like domain 2), and green (CBD).
(Upper right panel) Surface representation of the
rigid body model. (Lower panel) Evaluation of
the modeled structure. The theoretical scattering
curve was fitted to the SAXS data (dots).
1542 Ohbayashi et al.CBD (Lys-915; ColHDCBD) for the first band, the first
PKD-like domain and the second PKD-like domain (Lys-
825; ColHDPKD-CBD) for the second band, and the colla-
genase module and the first PKD-like domain (Lys-724;
ColHDPKD-PKD-CBD) for the third band. According to
the time course of the digestion pattern, the linker region
between the second PKD-like domain and the CBD was
clearly and significantly sensitive to digestion. On the other
hand, the linker region between the first PKD-like domain
and the second PKD-like domain was barely digested.Analyses of the limited proteolysis products
The limited proteolysis products included three different
domain-deleted ColH products, ColHDPKD-PKD-CBD,
ColHDPKD-CBD, and ColHDCBD. Among these products,
ColHDPKD-PKD-CBD and ColHDCBD were purified by
size exclusion chromatography (Fig. 5b). Size exclusion chro-
matography of the purified ColHDCBD revealed different
elution volumes between the running buffers, i.e., 14.06 mL
with buffer-Ca and 13.87mLwith buffer-Ca/EGTA (Fig. 5 c).
ColH reportedly shows fluorescence with the dye SYPRO
Orange under the calcium-chelated conditions (11). This
observation suggested that the interdomain conformation
of ColH can be stabilized by hydrophobic interactions,
because a fluorescent dye like SYPRO Orange binds to
hydrophobic regions on the molecular surface (27). Fluores-
cence measurements were conducted for the fractions eluted
from the size exclusion chromatography, to investigate the
shortened domain constructions of ColH. The fluorescence
enhancements of ColHDCBD and ColHDPKD-PKD-CBD
were similar to that of the full-length protein (Fig. 5 d).DISCUSSION
The crystal structure of the collagenase module of ColG was
determined as the open form (4). The longest dimension ofBiophysical Journal 104(7) 1538–1545the collagenase module spans 115 A˚, which is too wide to fit
the beads models under both buffer conditions (buffer-Ca
and buffer-Ca/EGTA), assuming the proposed domain
alignment (4). Considering reasonable model dimensions,
the closed form was adopted to fit the beads model. The
collagenase module is composed of activator and peptidase
domains, and these two domains are connected by a
flexible glycine-rich hinge in ColG. No special secondary
structural element was assigned for the corresponding
part in ColH in the PSIPred (28) analysis. Therefore, the
linker region between the activator domain and the pepti-
dase domain of ColH is probably flexible. The closed
form may be more stable than the open form in solution,
because the N-terminal part of the activator domain and
the putative loop region between Ser-529 and Phe-535 of
the peptidase domain can interact. Consequently, the colla-
genase module of ColH predominantly adopts the closed
form in solution.
The SAXS analysis revealed that ColH adopted a tapered
shape under both conditions; i.e., in buffer-Ca and buffer-
Ca/EGTA. In a comparison of the two beads models, the
beads model in buffer-Ca/EGTA was more elongated
(Fig. 3). Calcium ions reportedly play a critical role in
maintaining the conformation of full-length ColH (11). In
addition, the details of the calcium-dependent structural
change have been reported for the CBDs of ColG
(3,10,29) and ColH (5). The crystal structure of the CBD
of ColH has also been determined for the calcium-binding
form (PDB-ID: 3JQW) (5). The calcium-binding sites are
spatially shared in both CBDs, suggesting that the
calcium-dependent structural change of the CBD of ColH
can occur in the same manner as that of ColG. According
to the limited proteolysis analysis, the first digestion
occurred at position Lys-915, which is the domain linker
region between the second PKD-like domain and the
CBD. The results suggested that the shape elongation of
full-length ColH in buffer-Ca/EGTA includes a structural
FIGURE 5 Limited proteolysis analyses. (a) SDS-PAGE analysis of the time course of the limited proteolysis products. The presumed C-terminal positions
are indicated by arrows. M: protein standard markers. (b) SDS-PAGE of two limited proteolysis products. (c) Size exclusion chromatography of
the C-terminal-deleted product ColHDCBD under the two buffer conditions. (d) Fluorescence measurements of the limited proteolysis products.
Solid line: without protein; long dashed line: in buffer-Ca/EGTA; short dashed line: after the addition of 2 mM CaCl2 to the buffer-Ca/EGTA (buffer-
Ca/EGTA/Ca). Left panel: full-length ColH; middle panel: C-terminal-deleted product, ColHDCBD; right panel: C-terminal-deleted product,
ColHDPKD-PKD-CBD.
Global Structural Changes of ColH 1543change at the linker region between the second PKD-like
domain and the CBD.
The size exclusion chromatography analysis of
ColHDCBD indicated that the elution peak position with
calcium was later than that with EGTA. This phenomenon
was also found for the elution volumes of full-length
ColH (11). The conformational change induced by calciumchelation with EGTA may reduce the interactions between
the protein molecules and the matrix of the chromatography
column, suggesting a calcium-dependent structural change
of ColHDCBD.
The limited proteolysis products were separated, and
fluorescence measurements with the dye SYPRO Orange
were conducted for the C-terminal-deleted products,Biophysical Journal 104(7) 1538–1545
1544 Ohbayashi et al.ColHDPKD-PKD-CBD and ColHDCBD. The separated
C-terminal-deleted products showed similar fluorescence
enhancement to that of full-length ColH. ColHDPKD-
PKD-CBD is identical to the collagenase module, and its
calcium-dependent fluorescence is reversibly changed by
the addition of excess calcium ions after calcium-chelation
by EGTA. Fluorescence with a dye like SYPRO Orange
indicates the existence of hydrophobic interactions (27).
These results suggested that the ColH molecule without
the CBD and the PKD-like domains; i.e., the collagenase
module, includes calcium-binding site(s), and that its
conformation may be maintained by hydrophobic interac-
tions and calcium ion(s). Actually, about five calcium ions
can bind to the entire ColH region (30). Two calcium ions
are assigned to the CBD (3), and one ion is expected to
bind to the PKD-like domain (2). Thus, at least four calcium
ion-binding sites can be assigned on the ColH molecule to
date. The fluorescence measurements indicated the possi-
bility of a calcium-dependent conformational change in
the collagenase module. Although it is difficult to explain
how the conformation of the collagenase module changes
upon calcium chelation, open/closed changes are one of
the possibilities, because the crystal structure of the ColG
collagenase module-PKD was determined under conditions
without calcium (4).CONCLUSIONS
In this study, a SAXS analysis was conducted to investigate
the structural basis of the conformational change of full-
length ColH induced by calcium chelation. The overall
conformation of ColH is the tapered form under both buffer
conditions. Although the crystal structure of the collage-
nase module of ColG is the open form, the collagenase
module of ColH in solution with calcium predominantly
adopts the closed form. The closed form will be more
stable, as a consequence of interdomain interactions
between the activator domain and the peptidase domain
in solution.
We previously reported that the interdomain flexibility
is predominantly and reversibly maintained by Ca2þ (11).
In a comparison of the ab initio beads models under the
two conditions (with buffer-Ca and buffer-Ca/EGTA),
a more elongated structure was observed under the
calcium-chelated conditions. The main conformational
change will occur in the domain linker regions, especially
the linker region between the second PKD-like domain
and the CBD. The analysis of the limited proteolysis
products suggested that the conformation of the collage-
nase module can be maintained in a calcium-dependent
manner. Although the calcium-binding site on the collage-
nase module has not been determined thus far, further
studies will be undertaken to investigate the molecular
mechanism of the conformational change of the collage-
nase module.Biophysical Journal 104(7) 1538–1545SUPPORTING MATERIAL
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